Abnormalities of the vascular endothelium contribute to all stages of atherosclerosis from lesion development to clinical cardiovascular disease events. Recognized risk factors, including diabetes mellitus, hypertension, dyslipidemia, cigarette smoking, and sedentary lifestyle are associated with endothelial dysfunction. A variety of pharmacological and behavioral interventions have been shown to reverse endothelial dysfunction in patients with cardiovascular disease. A large number of epidemiological studies suggest that dietary factors, including increased intake of flavonoidcontaining foods and beverages, reduce cardiovascular risk, and recent studies have shown that such beverages have favorable effects on endothelial function. These studies have engendered interest in the development of dietary supplements or drugs that would allow for more convenient and higher dose administration of flavonoids and might prove useful for prevention or treatment of cardiovascular disease. In this paper, we will review the contribution of endothelial dysfunction to the pathogenesis and clinical expression of atherosclerosis and recent data linking flavonoid and EGCG consumption to improved endothelial function and reduced cardiovascular risk.
INTRODUCTION Endothelial Regulation of Vascular Homeostasis
The endothelium regulates vascular tone, thrombosis, local inflammation, composition of the vascular wall, and angiogenesis by producing a variety of paracrine factors [1] [2] [3] [4] . For example, the endothelium controls vascular tone by producing vasoconstrictors such as endothelin-1 and angiotensin 2 and vasodilators such as prostacyclin, endothelium-derived hyperpolarizing factor, and nitric oxide. Endothelial cells influence the local inflammatory response via expression of adhesion molecules and chemotactic factors. A variety of endothelial products affect thrombosis and fibrinolysis, including von Willebrand Factor, thrombomodulin, heparans, nitric oxide, tissue plasminogen activator (tPA) and plasminogen activator inhibitor-1 (PAI-1). Under normal conditions, the endothelium maintains blood fluidity and opposes vasoconstriction and leukocyte adhesion. In the setting of cardiovascular disease risk factors, the endothelium adopts a pathological phenotype characterized by expression of an array of factors that promote vasospasm, thrombosis, and local inflammation that is relevant to the development of atherosclerosis.
The ability of the endothelium to produce bioactive nitric oxide in particular has emerged as an important indicator of endothelial phenotype and overall vascular health [5, 6] . Nitric oxide is synthesized from L-arginine by the endothelial isoform of nitric oxide synthase (eNOS). This enzyme is constitutively expressed in endothelial cells and is normally in a relatively quiescent state with a low level of basal nitric oxide production. Nitric oxide production rapidly increases over a period of seconds following stimulation with a variety of clinically relevant receptor-dependent agonists such as acetylcholine, serotonin, thrombin, and angiotensin 2 and following changes in local shear stress, which is the frictional force produced by flowing blood. Nitric oxide plays a homeostatic role and generally opposes the vasoconstrictor, prothrombotic, proinflammatory, and growth-promoting effects of such receptor-dependent agonists. The importance of shear stress-dependent nitric oxide production is emphasized by the observation that atherosclerosis tends to develops at branch points and other locations in the arterial tree with a loss of normal laminar flow and non-physiological levels of shear stress [7] .
Extensive studies in experimental models and in human subjects have shown that cardiovascular disease risk factors reduce the bioavailability of endothelium-derived nitric oxide and impair endothelium-dependent vasodilation [1] . As has been recently reviewed, there is considerable information about the mechanisms that account for impaired nitric oxide bioavailability in atherosclerosis [6] . In general, risk factors are associated with a state of increased oxidative stress in endothelial cells and other cells in the vascular wall. Reactive oxygen species may react directly with nitric oxide and eliminate its biological activity. In addition, alterations in cellular redox state have the potential to reduce eNOS expression, decrease the availability of essential co-factors, and uncouple eNOS from its normal dimeric configuration into a monomeric form that produces superoxide anion, rather than nitric oxide [6] . Furthermore, increased oxidative stress in the setting of risk factors may increase levels of endogenous inhibitors of eNOS and produce critical modifications in guanylyl cyclase and reduce tissue responses to nitric oxide. Although acute administration of high doses of radical scavengers has been shown to restore endothelial vasodilator function in experimental models and human subjects [8, 9] , interventions that inhibit the enzymatic sources of reactive oxygen species appear to be a more effective strategy to maintain nitric oxide bioavailability [6, 10] .
Clinical Studies of Endothelial Function and Their Clinical Relevance
Given the importance of endothelial function for regulation of vascular homeostasis and its contribution to atherosclerosis, there has been considerable interest in studying endothelial function in human subjects. A variety of invasive and non-invasive methods have been developed that examine endothelium-dependent vasodilation in the coronary and peripheral circulations [11, 12] . The most specific methods involve intra-arterial infusion of endotheliumdependent vasodilators and inhibitors of nitric oxide production, and in these studies, vasodilation is assessed by angiography, intra-arterial Doppler, or venous occlusion plethysmography. A variety of non-invasive methods have also developed, and the most frequently-used approach uses cuff occlusion to increase local arterial flow and shear stress in the brachial artery and high-resolution ultrasound to measure flow-mediated dilation [13] . Recently, there has been considerable interest in the observation that endothelial progenitor cells circulate in blood and have a role in arterial repair following injury and in angiogenesis. The number of circulating endothelial cells correlates with endothelial vasodilator function and endothelial progenitor cell count is reduced in patients with risk factors, and thus appears to be another important measure of vascular health [14] .
These invasive and non-invasive approaches have been used to confirm in human subjects that cardiovascular disease risk factors and established coronary artery disease are associated with impaired endothelium-dependent vasodilation [15] [16] [17] . Importantly, endothelial dysfunction precedes the development of atherosclerosis assessed by angiography or intravascular ultrasound [16, 18] . In addition to the classical risk factors, endothelial dysfunction is present in individuals with more recently recognized risk factors such as obesity, the metabolic syndrome, sedentary lifestyle, and elevated markers of inflammation. As has been reviewed, a variety of pharmacological interventions have been shown to reverse endothelial dysfunction in coronary and peripheral arteries including lipid lowering drugs, angiotensin converting enzyme inhibitors, angiotensin receptor blockers, and insulin sensitizing drugs [1] . Lifestyle interventions such as weight loss, increased physical activity, and smoking cessation also reverse endothelial dysfunction. It is interesting that these diverse interventions have the ability to restore endothelial function and reduce cardiovascular disease risk, providing evidence that endothelial dysfunction plays a critical role in the pathogenesis of cardiovascular disease events [19] .
Additional evidence that endothelial dysfunction plays a pathophysiological role in the cardiovascular events is provided by prospective outcome studies. Several groups of investigators have reported increased cardiovascular risk in patients with an abnormal vasomotor response to acetylcholine, an agonist for endothelial production of nitric oxide, in the coronary [20] [21] [22] or forearm circulations [23, 24] . Impaired brachial artery flow-mediated dilation, as measured by ultrasound, is also associated with increased risk for cardiovascular events [25] [26] [27] . A recent study demonstrated increased cardiovascular risk in patients with lower numbers of circulating endothelial progenitor cells [28] . Thus, systemic vascular health and regenerative capacity appears to be highly relevant to cardiovascular disease.
Overall, the available evidence suggests that measuring endothelial function in human subjects provides clinically useful information. Although no method is sufficiently standardized to provide prognostic information or track the response to therapy in an individual patient, studies of endothelial function provide important data about mechanisms of cardiovascular disease and interventions that have the potential to reduce cardiovascular risk. In the next sections, we will review the data supporting a link between increased flavonoid intake and decreased cardiovascular risk and studies providing evidence that improved endothelial function is a possible mechanistic explanation for those observations.
Flavonoids and Cardiovascular Disease
Flavonoids are naturally occurring polyphenolic compounds found in numerous fruits, vegetables, and specific beverages (e.g. tea, grape juice, wine, cocoa, and cranberry juice). Flavonoids have been reported to have anti-platelet, anti-inflammatory, and antioxidant activities. Numerous epidemiological studies have explored the relationship between flavonoid consumption and cardiovascular disease risk [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . In regard to tea consumption, studies have reported up to a 58% reduction in cardiovascular risk for individuals consuming the highest compared to the lowest amount of tea [30] . On the other hand, several studies have reported no relationship between tea or flavonoid consumption and cardiovascular risk [33, [39] [40] [41] , although those studies may have been confounded by socioeconomic factors and cohort nutritional status [42] . In a recent meta-analysis that included both positive and negative studies, Peters and colleagues concluded that higher tea consumption is associated with a significant, but modest 11% reduction in risk [43] . Similar epidemiological data suggest a beneficial effect on cardiovascular disease risk from other sources of flavonoids, including red wine [44, 45] . Based in part on these findings, the American Heart Association has recommended diets rich in fruits and vegetables as a strategy to prevent cardiovascular disease [46] , and the Beverage Guidance Panel recommends tea consumption as the preferred beverage following water [47] .
Despite the recognized benefits associated with consumption of flavonoid-containing beverages, the responsible mechanisms remain uncertain. Flavonoids have strong antioxidant properties in vitro, and investigators hypothesized that reduced cardiovascular risk might reflect an antioxidant effect, including an ability to scavenge reactive oxygen species and prevent oxidative modification of low density lipoprotein, a critical step in atherogenesis [48] . For example, it has been reported that low density lipoprotein isolated from patients consuming grape juice is less susceptible to oxidation [49] . However, the relevance of these findings may be questioned since alpha tocopherol also has a similar protective effect, but has consistently failed to reduce the risk of cardiovascular disease in randomized trials [50, 51] . In contrast to studies with grape juice, studies with tea have largely failed to demonstrate an effect on systemic markers of lipid peroxidation [52] . Investigators have also examined changes in the antioxidant capacity of plasma following beverage consumption as an indicator of an in vivo antioxidant effect. As was recently reviewed, a variety of flavonoid-containing foods have been shown to increase total antioxidant capacity, however, it remains unclear whether component flavonoids are actually responsible for this effect [53] .
Flavonoids and Endothelial Function
One possible explanation for reduced cardiovascular risk in individuals consuming higher amounts of flavonoids is a favorable effect of these compounds on endothelial function. There is now strong evidence from multiple studies that flavonoid-containing beverages and foods have such an effect (Table 1) . For example, Duffy and colleagues observed that endotheliumdependent flow-mediated dilation of the brachial artery improved two hours after consumption of black tea and that this effect was sustained following daily consumption for four weeks in patients with proven coronary artery disease [54] . Interestingly, this favorable effect could not be related to a systemic reduction in oxidative stress as reflected by plasma antioxidant capacity or other systemic markers of oxidative stress [55] . However, it remains possible that flavonoids could have an antioxidant effect at the tissue level in the vasculature. The effect of tea consumption also was not attributable to caffeine or non-specific effects on the function of vascular smooth muscle [54] .
Hodgson and colleagues showed a favorable effect of tea consumption on endothelial function in otherwise healthy subjects with cardiovascular risk factors [56] . Those investigators also found no evidence that an antioxidant effect accounted for these observations [57] . Other investigators have observed favorable vascular effects of black and green tea [58, 59] . As outlined in the Table 1 , improved endothelial function has also been demonstrated following consumption of other flavonoid-containing beverages and foods, including grape juice [49, 60] wine, [61] , dealcoholized red wine [62] , cocoa [63] [64] [65] , and chocolate [66] .
Several studies sought to determine the specific components of flavonoid-containing beverages that are responsible for improved endothelial function. The flavonoids found in tea can be divided into two subclasses, the flavanols and flavonols [67] . Flavanols are found in monomer as well as polymer form. Monomer flavanols found in tea include catechin, epicatechin (EC), epigallocatechin (EGC), epicatechin gallate (ECG), and epigallocatechin gallate (EGCG) whereas polymer forms found in tea include theaflavins and thearubigins. The most abundant flavonols found in tea include quercetin and kaempferol.
Several recent studies have examined the effects of specific catechins on endothelial function. Schroeter and colleagues demonstrated improved flow-mediated dilation of the brachial artery and fingertip microvessels up to four hours after administration of pure EC [65] . Since the effects of pure EC mimicked the effects of flavanol-rich cocoa and because circulating EC and EC metabolite levels correlated with the degree of improvement in endothelial function, they concluded that EC accounts, in part, for the benefits of cocoa. Widlansky and colleagues observed an improvement in brachial artery flow-mediated dilation following acute administration of EGCG [68] . Consistent with measured plasma levels and the known pharmacokinetics of EGCG, this effect was not sustained following two-week administration of EGCG twice daily, if measurements were made twelve hours after the last dose (trough time point). These findings support the concept that pure catechins can improve endothelial function. Since tea has a sustained benefit with chronic treatment, however, the lack of a sustained benefit of EGCG suggests that some other tea component accounts for the chronic benefit. Further investigations will be needed to determine whether single flavonoids, food flavonoid extracts, or whole foods/beverages have better clinical utility.
Mechanisms of Benefit
Recent in vitro studies provide insights into how flavonoids improve endothelial function at the molecular level. Lorenz et al. examined the effect of EGCG on endothelial function on isolated rat aorta segments and cultured endothelial cells [69] . They reported that EGCG activates eNOS and produces endothelium-dependent relaxation of arterial segments. Using pharmacological inhibitors, they gained evidence that EGCG activates eNOS in a manner that depends on phosphatidylinositol 3-kinase (PI3-K), cyclic adenosine monophosphatedependent protein kinase (PKA), and Akt. Using a more molecular approach, Anter and colleagues further investigated the cellular signaling mechanisms that account for eNOS activation by catechins and a concentrated preparation of black tea polyphenols [70, 71] . They determined that activation of eNOS depends on p38 mitogen-activated protein kinase (p38 MAPK) and ligand-independent activation of estrogen receptor-α, which leads to activation of PI 3-K/Akt pathway and a specific pattern of eNOS phosphorylation that is associated with increased nitric oxide synthesis. Thus, in addition to putative benefits resulting from the ability of flavonoids to scavenge radicals, it appears that flavonoids activate specific signaling pathways in endothelial cells that improve multiple aspects of endothelial function.
CONCLUSIONS
Thus, the available data strongly supports the importance of endothelial dysfunction in the pathogenesis of cardiovascular disease and the potential benefits of interventions that reverse endothelial dysfunction. Epidemiological studies have shown that increased consumption of flavonoid-containing beverages and foods reduce cardiovascular risk. There is now strong evidence from multiple studies that such beverages and foods have favorable effects on the endothelium. Although not discussed in the present review, anti-thrombotic and antiinflammatory effects of flavonoids may also help reduce cardiovascular risk [67] . The current dietary guidelines support increased consumption of whole fruits and vegetables, including beverages such as tea and grape juice, and there is considerable interest about the possibility that consumption of chocolate may also have health benefits.
Based on the current state of knowledge, it would be logical to consider the use of flavonoid supplements as an approach to reduce cardiovascular risk. Randomized trials would be needed, however, before such a recommendation could be made. Furthermore, the best form and type of flavonoid supplement to be used in such trials remain unclear. Recent studies using surrogate markers, such as endothelial function, have raised the possibility that whole food extracts or flavonoid-enriched foods might have more promise that purified single flavonoids.
Nevertheless, it is now clear from experimental studies that flavonoids have powerful effects at the cellular level and offer a great deal of promise as a novel approach for the prevention and management of cardiovascular disease. 
